Photosynthetic oxygen evolution from photosystem II particles was analyzed as conse quence o f a train o f short (5 ^is) flashes of different light quality and different intensities to study cyclic electron flow around photosystem II. Damped oscillations of the amplitudes of 0 2-evolution corresponding to a flash sequence were fitted numerically and analyzed in terms o f a nonhomogeneous distribution of misses, represented by the probability parameter ctj. Application o f red light, known to promote cyclic electron flow around photosystem II (Grus zecki et al., 1995) results in a considerable increase of all a{, indicating that at the molecular level the misses may be interpreted as resulting from a competition for the reduction of oxidized P680 between cyclic electron flow and the electron flow coming from the water splitting enzyme. In accordance with previous findings, application of light flashes of the spectrum covering the absorption region of carotenoids resulted in an inhibition o f cyclic electron flow and a pronounced decrease of the level of the miss parameter. Possible molecu lar mechanisms for the activity control of this cyclic electron transport around photosystem II by carotenoids are discussed.
Introduction
Several physiological mechanisms are known to operate at different organisational levels of the photosynthetic apparatus in order to regulate its activity in dependence on the fluence rate of inci dent light. This optimizes the efficiency of photo synthesis and provides the photosynthetic appara tus with protection against overexcitation-related photodestruction (Horton and Ruban, 1992) . A cyclic electron transfer around photosystem II is considered as such a protective mechanism main taining the primary electron donor P680 in a re duced condition under the influence of strong light. Under this condition light-induced electron transfer from P680 to pheophytin (generation of P680+) is significantly faster than the maximal rate 1995, 1996) we have correlated the in hibition o f activity o f the cyclic electron transport around PSII with the excitation of photosynthetically active carotenoids. We have postulated that ß-carotene which is a constituent of the PSII reac tion centre, was a component of the cyclic electron transfer chain, being placed between P680 and cyt b559. In the present paper, photosynthetic oxygen evolution induced by short, single turnover flashes was analyzed with the aim to examine the compe tition for electron donation to P680+ between the postulated cyclic electron flow and the usual linear electron transport which leads to water splitting.
Photosynthetic oxygen evolution induced by short, single-turnover light flashes yields the pattern o f a damped oscillation (Joliot et al., 1969) . The explanation of this behaviour was proposed in 1970 by Kok and coworkers introducing a model o f a four-step oxidizing cycle within the water oxidizing enzyme. To describe the experi-0939-5075/97/0300-0175 $ 06.00 © 1997 Verlag der Zeitschrift für Naturforschung. A ll rights reserved. D mentally observed damping of oxygen evolution, Forbush et al. (1971) introduced two perturbations into the model: double hits, understood as the tran sition of the system through two successive states as the consequence of a single flash and misses, repre senting missed transitions from one state to the other despite the flash. Misses, which are charac terized by the probability a appear to be the main reason for the damping of 0 2-oscillations (Lavorel, 1978) . It was later demonstrated that the model which describes most closely the experimental data has to assume a nonhomogeneous distribution of misses between different states (Delrieu. 1974 (Delrieu. , 1983 . One of the proposed explanations for misses relates them to the acceptor side o f PSII (Shinkarev and Wright, 1993) and assumes an electron transfer back to P680+, which is consistent with the pro posed model of a cyclic electron transfer around PSII (Gruszecki et al., 1995) . (Schmid and Thibault, 1979) with the PSII layer being in direct contact with the electrode (to en sure a short diffusion distance for oxygen to the electrode surface). A ll operations were carried out in weak green light. Before starting the polarographic measurements, the sample was dark adapted for 10 min.
White light flashes of 5 ^is duration at half inten sity and spaced 300 ms apart were generated by a Stroboscope 1539A (General Radio, Concord, Mass., U S A ) flash lamp. The flash intensity was evaluated by the integration o f the total light quantum number o f a high flash number in the spectral region between 400 and 750 nm. The in tensity obtained was then divided by the flash number. A single white flash applied had the fluence rate corresponding to continuous light of 6000 j.iEmr2s_1. A single red flash had the fluence rate corresponding to 2500 j.iEm 2 s_1 and was ob tained by application o f a cut-off filter with trans mission above 600 nm. A single green flash had the fluence rate corresponding to continuous green light o f 1300 jiE irr2 s_1 and was obtained by use of a Schott interference filter o f 525 nm corre spondingly. A blue flash had the intensity of 3300 [.tEm-2 s_1 and was obtained by application of a Schott band-pass filter BG12, with transmis sion between 300 and 500 nm. Strong red light cor responding to 9200 [lEm -2 s_1 with the same spectral characteristics as weak red light was also used. The measurements o f every experimental variant were repeated at least 5 times.
Results and Discussion
Original traces of polarographic measurements of photosynthetic oxygen evolution, induced by a train o f 15 short light flashes, are shown in Fig. 1 . Different light qualities and intensities were ap plied in this study (Table I) : red light absorbed ex clusively by chlorophylls, allowing active cyclic electron flow around PSII (Gruszecki et al., 1995 (Gruszecki et al., , 1996 ; red light with addition o f green light, the latter absorbed exclusively by carotenoids in the peripheral region of their absorption spectrum; blue light, covering the absorption spectra of both chlorophylls in the Soret band and carotenoids. Fig. 2 shows diagrams of amplitudes o f photosyn thetic oxygen evolution following separate light flashes, calculated on the basis o f the recordings presented in Fig. 1 or similar ones for other vari ants. As it may be seen, different light qualities result in different patterns o f 0 2 evolution ampli tudes. In particular, in the case o f red light, pro moting active cyclic electron flow around PSII, the typical damped oscillations do not occur and the obtained pattern of oxygen evolution resembles that of a system with over-reduced S-states con taining a high proportion o f the S_! state. Such a phenomenon was described by Schmid and Thi bault (1983) in dark-adapted E uglen a cells and can also be induced by treatment with a strong reductant in Chlorella, which normally exhibits a typical Kok pattern of oxygen evolution. This, however, cannot be the case in the system used in our study, since the presence of the oxidizing agent, potas sium ferricyanide, in the reaction medium practi cally excludes the overreduction of the S-state sys- V a lu e s a re n o r m a liz e d to 1. L i g h t in te n s itite s in |.iEm" 2 s-1: white, 6000; red, 2500; strong red, 9200; red 2500 + green 1300; blue 3300. The determination of the miss parameter contains an error considerably below 1 percent.
tern . The explanation for the observed pattern can only be the reduction o f the rate of successful tran sitions between successive S-states under red light flashes (see below), i.e. an increase of the miss parameter ctj. Table I presents the best leastsquare-fitted parameters corresponding to the ex perimental patterns depicted in Fig. 2 and also to patterns o f other variants. The method o f numeri cal fitting applied was that described by Burda and Schmid (1996) . As it may be seen in Table I , inde pendently of the light quality and intensity the ini tial distribution of states is such that about 77% o f the reaction centres remain in the Sj state and about 17% in S0 state, the S2 and S3 states being populated to a much lower extent. In the sample illuminated with strong white light the miss prob ability is only significant in the S2 to S3 transition (a 2 ~ 0.57) which is characteristic for this variant. In the case o f red light, all a parameters are signif icantly higher, so the average value of a (a m), cal culated per single flash, increases by a factor o f 4.5 when compared to the white light experiments. In our opinion this increase o f misses is directly re lated to the activity of the cyclic electron flow around PSII and only indirectly, as it will be dis cussed below, with the light intensity. In fact, the experiments with considerably higher red light in tensity result in a similar oxygen evolution pattern (not shown) and also in a relatively high value of a m (0.54, see Table I ). In these experiments all a s parameters appear to be relatively high, indicating that the cyclic electron flow is active from the first flash. Possibly, the electron removed from P680 does not immediately return to P680+. It looks as if rather another electron, and this could come from the ß-carotene of the reaction centre (Grus zecki et al., 1995), is used for reduction of P680+, creating at the same time a ß-carotene cation radi cal. Light induced creation o f this molecular spe
F la s h N u m b e r Table I. cies in photosynthetic systems has been already re ported by Mathis and Schenck (1982) . Simultaneous illumination of a sample with flashes of green light (which can only be absorbed by carotenoids), and red flashes clearly diminishes the miss probability (a m = 0.58) despite the fact that green light covers only the peripheral region o f the 0 -0 transition to Bu1 state of carotenoids and may not result in a massive carotenoid excita tion. Green light flashes when applied alone do not lead to measurable oxygen evolution.
A much stronger effect is observed in the case of blue light flashes (a m = 0.24) reported to drive linear electron transport while inhibiting the cyclic component (Gruszecki et al., 1995 (Gruszecki et al., , 1996 . In this case two a parameters (a! and cx3) were practically equal to zero. In this case the a 2 parameter is rela tively high indicating that rather inherent charac teristics of the donor side (manganese cluster?) and not the electron back reaction or cyclic elec tron transport are responsible for this effect.
A s concluded from our previous study (Grus zecki et al., 1995, 1996) the present findings sup port that the ß-carotene in the PSII reaction centre plays a central role in the regulation of the activity o f cyclic electron flow. According to the recent report (Bialek-Bvlka et al., 1995) this par ticular molecule remains in the 15 -15'-cis configu ration in darkness and isomerizes to the all-trans form upon illumination. The blue light-induced isomerization o f the PSII reaction centre ß-carotene would be a good candidate for a molecular mechanism of regulation of cyclic electron flow.
Excitation related changes in polarizability o f the pigment molecule may be responsible for decreasing the energetical barrier for isomeriza tion. The carotenoid triplet state provides the most favourable conditions for the cis-trans isomeriza tion (Koyama and Hashimoto, 1993) , however, formation of such a state is not possible via blue light absorption and intersystem crossing. There fore, we assume that the electric charge delocaliza tion in the ß-carotene cation radical combined with an excitation of the molecule may provide the conditions for an efficient cis-trans isomerization, as observed experimentally (Bialek-Bylka et al., 1995). The alternative pathway for the formation o f the triplet state of the reaction centre ß-caro tene by triplet -triplet excitation energy transfer from P680 is considered not to be effective (Telfer and Barber, 1995) .
Further studies are necessary, however, to eluci date the eventual role of the cis-trans isomeriza tion of the reaction centre ß-carotene in a molecu lar mechanism engaged in the regulation of cyclic electron transport around PS II.
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